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Abstract
We consider dark matter physics in a model for the dark sector with extra dark U(1)X gauge
symmetry. The dark sector is composed of exotic fermions that are charged under both dark
U(1)X and the standard model SU(3)C×U(1)Y gauge groups, as well as standard model singlet
complex scalars Φ and X with nonzero U(1)X charge. In this model, there are two dark matter
candidates−a scalar and a fermion−both of which are stabilized by accidental Z2 symmetry. Their
thermal relic density, and direct and indirect detection constraints are discussed in detail and we
search for the parameter space of the model accommodating dark matter observations. We also
discuss constraints from diphoton resonance searches associated with the scalar field which breaks
the dark U(1)X , in a way consistent with dark matter physics. In addition, implications for collider
physics are discussed, focusing on the production cross section of the scalar boson.
∗Electronic address: pko@kias.re.kr
†Electronic address: nomura@kias.re.kr
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I. INTRODUCTION
The standard model (SM) of particle physics has been very successful in describing exper-
imental data at both low and high energies. However, there are several remaining unsolved
issues that require physics beyond the minimal SM. Among these outstanding issue is ex-
plaining the nature of dark matter (DM), whose existence is confirmed through astronomical
and cosmological observations.
The existence of DM indicates a dark sector which is hidden from current experiments
and observations. The nature of this dark sector is an open question. However, as the SM is
described by local gauge symmetries, it is plausible that the dark sector is also ruled by SM
and/or hidden gauge symmetries. In this sense, some particles in the dark sector can have
charges of the SM gauge group which would induce interesting phenomena. For example, the
dark sector in supersymmetric extensions of the SM with R-parity conservation is composed
of supersymmetric partners of SM particles, and most of them carry nonzero SM gauge
charges. Moreover, we expect that these new particles in the dark sector may play a crucial
role in explaining some anomalies observed in experiments.
Using the LHC’s 2015 experimental data, an excess of events in the diphoton channel
around mγγ ≃ 750 GeV was announced by both the ATLAS and CMS collaborations [1–
4] where the ∼ 5 fb cross section for the process pp → R → γγ was indicated, with R
being a resonant state. To obtain the above cross section, R is expected to couple with
exotic particles which have electric charge and/or color in order to enhance the gluon fusion
production of R and its decay branching fraction into the diphoton mode. Motivated by the
750 GeV diphoton excess, the present authors proposed a model for a dark sector with extra
U(1)X dark gauge symmetry which is spontaneously broken, giving a massive dark photon Z
′
decaying into SM fermions via kinetic mixing with SM gauge bosons [5]. Note that a number
of authors have previously attempted to interpret this excess [5–31]. However, the new LHC
data in 2016 disfavor the diphoton excess [32, 33], where the upper limit of the cross section
is given at 750 GeV as σ(pp → R → γγ) ≤ 1.21 fb in narrow width approximation [33]
taking into account 1 σ fluctuation.
Although motivated by the 750 GeV diphoton excess at first stage, we find our model is
an interesting realization of a dark sector with extra U(1)X dark gauge symmetry
1. In
this model, we introduce dark fermions which are vector-like under SU(3)C×U(1)Y gauge
symmetry, but chiral under U(1)X , and U(1)X charged scalar fields Φ and X to break the
U(1) symmetry and to make charged/colored dark fermions decays into SM fermions and
DM X . Since the dark fermions are chiral, their masses are generated by the spontaneous
U(1)X breaking due to the nonzero vacuum expectation value(VEV) of U(1)X charged scalar
field Φ which is singlet under SM. The signal of diphoton resonance is induced by scalar
boson φ associated with Φ where its gluon fusion production and diphoton decay processes
are induced through the dark fermion loop since the dark fermions couples to Φ and some
of them carry color/electric charges. Remarkably the Yukawa coupling between Φ and dark
fermions are related to masses of dark fermions, which makes our model predictive. Moreover
an accidental Z2 symmetry appears in our setup which provides stability of DM naturally. In
our previous paper, the diphoton excess is mainly analyzed with limited parameter space but
the phenomenology of DM is also interesting and worth for detailed analysis. Thus, in this
1 Some other models related to dark matter and extra U(1)X gauge symmetry are studied, e. g. in Refs. [34–
47].
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paper we carry out a detailed analysis of DM physics−including the relic density, and direct
and indirect detection in the model−to explore the allowed parameter space. Furthermore
we also discuss compatibility with the current constraint from diphoton resonance search
and implications for collider physics.
The paper is organized as follows. In Sec. II, we review our model showing the particle
contents and their mass spectra after spontaneous gauge symmetry breaking. We study
the DM physics such as relic density, direct and indirect detection constraints searching for
allowed parameter region, in Sec.III. In Sec. IV, we discuss the constraint from diphoton
resonance search and implications for collider physics in the model. We give the summary
and discussion in Sec. V.
II. THE MODEL
In this section we recapitulate our dark sector model proposed in Ref. [5]. We consider a dark
sector with U(1)X dark gauge symmetry, new fermions carrying both SM SU(3)C×U(1)Y
quantum numbers and U(1)X charges, and SM singlet complex scalar fields as summarized
in Table. I. The new fermions are vector-like under the SM gauge symmetry but chiral under
U(1)X . The gauge anomalies from triangle loops are canceled due to the appropriate U(1)X
charge assignments. The Yukawa interactions and the scalar potential which contain the
new fields are given by
LYukawa =y
EE¯LERΦ + y
NN¯LNRΦ
† + yU U¯LURΦ
† + yDD¯LDRΦ
+ yEe
i
E¯Le
i
RX + y
UuiU¯Lu
i
RX
† + yDd
i
D¯Ld
i
RX + h.c., (1)
V =µ2H†H + λ(H†H)2 + µ2ΦΦ
†Φ+ µ2XX
†X
+ λΦ(Φ
†Φ)2 + λX(X
†X)2 + λHΦ(H
†H)(Φ†Φ)
+ λHX(H
†H)(X†X) + λXΦ(X
†X)(Φ†Φ). (2)
where H denotes the SM Higgs doublet field and the index i denotes the SM fermion gen-
eration. In this setup, there appears an accidental Z2 symmetry:
X → −X, FL → −FL, FR → −FR,
which is not broken after U(1)X gauge symmetry breaking. As a result the lightest Z2 odd
particle becomes stable and it can be DM candidate if it is a neutral one. Thus complex
Fermions Scalar
EL ER NL NR UL UR DL DR Φ X
SU(3) 1 1 1 1 3 3 3 3 1 1
SU(2) 1 1 1 1 1 1 1 1 1 1
U(1)Y −1 −1 0 0 23 23 −13 −13 0 0
U(1)X a −b −a b −a b a −b a+ b a
TABLE I: Contents of new fermions and scalar fields and their charge assignments under the gauge
symmetry SU(3)×SU(2)L×U(1)Y×U(1)X . We consider three families of dark fermions.
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scalar X and the lightest neutral dark fermion N could be our DM candidates. Note that
this model is similar to the usual MSSM, except that the dark partners of the SM fermions
are not scalars as in the MSSM, but fermions. And the complex scalar X plays the role of
the neutralino LSP (lightest supersymmetric particle).
The gauge symmetry is broken after H and Φ develop their nonzero VEVs:
H =
(
G+
1√
2
(v + h+ iG0)
)
, Φ =
1√
2
(vφ + φ+ iGφ), (3)
where G±, G0 and GS are NG bosons which are absorbed by W±, Z and Z ′ respectively.
The VEVs of the scalar fields are given approximately by
v ≃
√
−µ2
λ
, vφ ≃
√
−µ2Φ
λΦ
, (4)
where we assumed λHΦ is negligible so that the mixing between SM Higgs boson h and φ is
negligibly small to be consistent with the current Higgs data analysis [24, 48, 49]. In this
assumption, the mass of h and φ are given by
mh ≃
√
2λv, mφ ≃
√
2λΦvφ, (5)
where mass formula for h is mostly the same as SM Higgs. With the VEV of Φ the mass
matrices of new fermions are given by
MF =
yF√
2
vφ, (6)
where F = U,D,E,N and MF denotes mass of new fermion F and we have suppressed the
family indices for simplicity.
We write the kinetic term for the gauge fields B˜µ and X˜µ which are from U(1)Y and
U(1)X respectively, including kinetic mixing:
Lkin =− 1
4
W aµνW
aµν
− 1
4
(B˜µν , X˜µν)
(
1 sχ
sχ 1
)(
B˜µν
Z˜
′µν
)
, (7)
where sχ ≡ sinχ. Then we diagonalize the kinetic terms using the non-unitary transforma-
tion; (
B˜µ
X˜µ
)
=
(
1 −tχ
0 1/tχ
)(
Bµ
Xµ
)
, (8)
where tχ = tanχ. After Φ and H develop non-zero VEVs, we obtain the mass matrix for
neutral gauge field approximately such that
1
8
(
Z˜
X
)T (
(g2 + g′2)v2 tχg′
√
g2 + g′2v2
tχg
′√g2 + g′2v2 4(a + b)2g2Xv2φ
)(
Z˜
X
)
. (9)
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whereW 3µ = cos θWZµ+sin θWAµ and Bµ = − sin θWZµ+cos θWAµ are used. In our analysis,
we assume χ ≪ 1; actually the kinetic mixing parameter is experimentally limited roughly
as χ . 10−2−10−3 for mZ′ ≃ O(100) GeV [50–52]. With this assumption, the neutral gauge
boson masses are approximated by
m2Z ≃
1
4
(g2 + g′2)v2, m2Z′ ≃ (a+ b)2g2Xv2φ. (10)
The mass eigenstates are also obtained as(
Zµ
Z ′µ
)
=
(
cos θ − sin θ
sin θ cos θ
)(
Z˜µ
Xµ
)
, (11)
and the Z − Z ′ mixing angle is given by
tan 2θ ≃ g
′√g2 + g′2v2
2(m2Z −m2Z′)
tχ, (12)
which is suppressed by tχ. Notice that Z
′ decays into the SM particles via the kinetic mixing
so that Γ(Z
′
)/mZ′ ∼ O(χ2) . 10−4. Therefore Z ′ would be a very narrow resonance.
After U(1)X symmetry breaking, the interactions of physical scalar φ and h are obtained
from the Yukawa coupling and scalar potential such that
LYukawa = y
E
√
2
E¯LERφ+
yN√
2
N¯LNRφ+
yU√
2
U¯LURφ+
yD√
2
D¯LDRφ (13)
V ⊃1
4
λHΦ(hh)(φφ) +
1
2
λHΦvh(φφ) +
1
2
λHΦvφφ(hh)
+
1
2
λHX(hh)(X
†X) + λHXvh(X
†X) +
1
2
λXΦ(X
†X)(φφ) + λXΦvφφ(X
†X). (14)
Also the gauge interaction of φ is given by
L ⊃ g2X(a+ b)2vφφZ ′µZ ′µ +
1
2
g2X(a+ b)
2φφZ ′µZ ′µ, (15)
where we took cos θ ≃ 1 since θ ≪ 1 as indicated above. In the following analysis we just
apply θ = 0. The gauge interactions of DM candidates are given by
L ⊃− iagX(∂µX†X − ∂µXX†)Z ′µ + a2g2XZ ′µZ ′µX†X
+ gX(aN¯Lγ
µNL − bN¯RγµNR)Z ′µ. (16)
The gluon-gluon-φ coupling is induced by the new fermion loop, which is obtained as [53]
Lφgg = αs
8π
( ∑
F=U,D
(a + b)
√
2gX
mZ′
A1/2(τF )
)
φGaµνGaµν , (17)
where A1/2(τ) = 2τ [1+(1−τ)f(τ)] with f(τ) = [sin−1(1/
√
τ)] for τ ≥ 1 and τF ≡ 4m2F/m2φ.
Applying the relevant interactions, we can derive decay widths of φ into various channels,
which are summarized in the Appendix.
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FIG. 1: The parameter region explaining the observed relic density of DM in the mX-λXΦ and
MN -gX planes for scalar and fermionic DM cases, respectively, in scheme (1).
III. DARK MATTER PHENOMENOLOGY
In this section, we discuss phenomenology of dark matter in our model. The dark matter
of our model is the lightest neutral particle which is odd under accidental Z2 symmetry; the
candidates are X and N . In this work we consider two schemes;
(1) : mDM < mZ′ ,
(2) : mDM > mZ′ .
Then we focus on the procsses DM DM→ gluons and DM DM→ Z ′Z ′ as the dominant DM
annihilation processes for the schemes (1) and (2), respectively. Notice that the annihilation
processes DM DM→ fSMfSM are also possible via FfX Yukawa interactions described by
Eq. (2). Analysis of these interactions are already well studied by Refs. [54, 55] and we
assume the contribution from the Yukawa contraction is small in our following analysis.
A. Relic density
Here we estimate relic density of DM for both schemes (1) and (2) and search for the
allowed parameter region of the model. To reduce number of parameters in the analysis, we
first fix some parameters in the model as follows:
ME = 600GeV, MU =MD = 800GeV, mφ = 750GeV
λHX = 0, a ≃ 1, b ≃ 1, (18)
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where we assumed vanishing Higgs portal coupling2 and a 6= b. Then we assume mDM <
ME,U,D to stabilize DM. In the following, we shall set the mass of φ to be 750 GeV since
this mass point is well investigated due to the 750 GeV diphoton resonance, and we will
discuss the constraints from recent data of diphoton resonance search in Sec. IV. We note
that phenomenology would not much change qualitatively when we change the value of mφ,
while some quantitative differences may appear for those processes where φ propagate in
the s-channel; the position of the resonant region changes as mDM ≃ mφ/2 and the required
values of coupling constants that could explain thermal relic density of DM will get larger
(smaller) for heavier (lighter) φ.
For the scheme (1), the dominant DM annihilation processes are XX(NN) → φ → gg
through the effective interaction Eq. (17), which would be a good approximation as long
as mDM < mF . The DM annihilation cross section can be obtained in non-relativistic
approximation:
(σvrel)XX→gg ≃
(
mZ′
(a + b)gX
)2
λ2XΦ
(s−m2φ)2 + Γ2φm2φ
Γ(φ→ gg)mφ=2mDM
2mDM
, (19)
(σvrel)NN→gg ≃2v2rel
M4N
m2Z′
(a+ b)2g2X
(s−m2φ)2 + Γ2φm2φ
Γ(φ→ gg)mφ=2mDM
2mDM
, (20)
where s is center of mass total energy, Γφ is the total width of φ, Γ(φ→ gg)mφ=2mDM is the
width for the φ → gg decay with mφ = 2mDM , and we have used vφ ≃ mZ′/((a + b)gX).
We note that NN → gg does not have contribution from the S-wave, and the P-wave
contribution would be dominant. For XX → gg, the annihilation cross section is almost
independent of gX and mZ′ except for the resonant region around mX ∼ mφ/2 when we
apply Eq. (A.1 ) to Eq. (19). We thus scan gX in the region {0.1, 1.0} and fix mZ′ = 500
GeV for simplicity. On the other hand, the annihilation cross section depends on gX andmZ′
for NN → gg process. Note that we fix λXΦ = 0 for fermion DM case since λXΦ is irrelevant
parameter in this case. In this scheme, the total decay width of φ can be approximated as
Γφ ≃ Γ(φ → gg) + Γ(φ → XX) since other modes are sufficiently small. The relic density
of DM is then obtained by solving the Boltzman equation. The approximated formula for
the relic density is also given by [57],
Ωh2 ≈ 1.07× 10
9[GeV]−1
g
1/2
∗ Mpl
∫∞
xf
dx
x2
〈σvrel〉anni
, (21)
where 〈σvrel〉anni is thermal average of σvrel which is a function of x ≡ mDM/T with temper-
ature T , xf is x at the freeze out temperature, g∗ is the total number of effective relativistic
degrees of freedom at the time of freeze-out and Mpl = 1.22× 1019[GeV] is the Planck mass.
To estimate the relic density, we use micrOMEGAs 4.1.5 [56] where the Boltzmann equation
is numerically solved by implementing relevant interactions for the annihilation processes.
Then, in our numerical analysis below, we set the approximated allowed region for the relic
density to be [58]
0.11 . Ωh2 . 0.13. (22)
2 The Higgs portal interaction would not affect our analysis much as long as λXH . 0.1, since DM
annihilation cross section becomes less than 1/10 of the cross section to provide observed relic density.
Therefore, we shall take λXH = 0 hereafter for simplicity.
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FIG. 2: The left (right) plot shows the parameter region explaining observed relic density of DM
in the gX-mX (λXΦ-mX) plane for scalar DM in scheme (2).
In Fig. 1, we show the parameter region which can account for DM thermal relic density for
scalar and fermion DM cases in the left and right plots, respectively. For the scalar DM case,
we find that the required value of λXΦ becomes small at mX ∼ mφ/2 due to the resonant
enhancement of the annihilation cross section. For the fermion DM case, the dependence of
gX on mZ′ is not trivial and we show cases of mZ′ = 1.1(2.0)mN in the right plot of Fig. 1.
Here we comment on the case with a non-negligible h − φ mixing α ∼ O(0.1). In this
case, DM annihilation processes XX(NN)→ φ→W+W−/ZZ can be sizable via the scalar
mixing effect if mX(N) & O(100) GeV. Thus the parameter region satisfying thermal relic
density of DM would change for scalar DM with λXΦ 6= 0 and for fermion DM. In particular,
significant changes would appear for parameter region for the scheme (1) due to a small
coupling of φgg interaction (see Eq. (17)).
For the scheme (2), we also numerically estimate thermal relic density of DM using
micrOMEGAs 4.1.5 to solve the Boltzmann equation by implementing relevant interactions
which induce (co)annihilation processes of DM, XX(NN)→ Z ′Z ′. The annihilation process
X∗X(N¯N)→ Z ′Z ′ are induced via gauge interaction Eq. (16) and φ exchange in s-channel.
Thus coupling constants gX , λXΦ and DM masses are relevant parameters in estimating the
relic density of the DM. We also run Z ′ mass in the range of 0.3×mX ≤ mZ′ ≤ 0.9×mX to
make the process kinematically allowed. The left plot in Fig. 2 shows the parameter region
which explain relic density of the scalar DM in the gX-mX plane where we take λXΦ = 0 and
MN = 600 GeV. In this case, we find that ∼ 0.15 to ∼ 0.45 gauge coupling can provide the
observed relic density when DM mass is ∼ 100 GeV to ∼ 500 GeV. On the other hand, the
right plot Fig. 2 shows the parameter region in the λXΦ-mX plane where we take gX = 0.1,
0.2 and 0.3 as reference values. We notice that λXΦ should be very small for mX ∼ mΦ/2
since the annihilation cross section gets the Breit-Wigner enhancement. For the case of
fermion DM, we show the parameter region explaining the correct thermal relic density of
DM in the gX-MN plane in Fig. 3. We find that s-channel process NN → φ→ Z ′Z ′ provides
dominant contribution to annihilation cross section for MN ∼ mZ′/2.
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FIG. 3: The parameter region explaining observed relic density of DM in the gX-MN plane for
fermion DM in scheme (2).
B. Direct detection
In our mdoel, DM-nucleon scattering occurs through the processes exchanging h, φ and Z ′
bosons. The Z ′ exchange will provide small amplitude since it involves Z−Z ′ mixing which
can be sufficiently small. Similarly the Higgs exchanging contribution can be made small
enough if we take a small λHX . Therefore we shall focus on the φ exchange, which provide
contribution to DM-nucleon scattering amplitude from φ-gluon-gluon coupling in Eq. (17)
and φXX(φNN) coupling even if we ignore the φ − h mixing. The effective couplings for
XX(NN)-gg can be estimated as
LXXGG = αS
4π
( ∑
F=U,D
λXΦ
m2φ
A1/2(τF )
)
X†XGaµνGaµν
≡ αS
4π
CXg X
†XGaµνGaµν , (23)
LNNGG = αS
4π
( ∑
F=U,D
2
√
2g2XMN
m2φm
2
Z′
A1/2(τF )
)
N¯NGaµνGaµν
≡ αS
4π
CNg N¯NG
aµνGaµν . (24)
The spin-independent X(N)-nucleon scattering cross section is obtained as [55]
σXSI =
m2Nu
π(mX +mNu)2
(fXNu)
2 (25)
σNSI =
2m2Nm
2
Nu
π(mN +mNu)2
(fNNu)
2 (26)
f
X(N)
Nu
mNu
= −2
9
Cgf
(Nu)
TG
(27)
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FIG. 4: The DM-nucleon scattering cross section as a function of DM mass for the scheme (1)
where the parameters satisfying observed relic density in Fig. 1 are applied. The left and right plot
correspond to scalar and fermionic DM cases respecteively.
where mNu is the nucleon mass and f
(Nu)
TG
is the mass fraction of gluonic operators in the
nucleon mass. For the numerical values for these parameters, we adopt values in Ref. [59]. In
Figs. 4 and 5 we show the spin independent DM-nucleon scattering cross section where the
allowed parameter regions from the relic density estimation are applied. In scheme (1), we
find that parameter region with mX . 200 GeV is excluded for scalar DM and mN . 300
GeV is excluded for fermion DM with mZ′ = 1.1mN , by the current constraints of LUX
experiment [60, 61]. Except for the resonant region, most of the parameter region can be
tested in future direct detection experiment such as XENON 1t [62]. In scheme (2), we find
that only parameter region with small gX and mX . 150 GeV is constrained by the LUX
data. The other region will be explored by the future experiments.
C. Indirect detection
Here we discuss indirect detection of DM. In our model, DM pair annihilate dominantly
into gg and Z ′Z ′ in the schemes (1) and (2) respectively, and Z ′ will further decay into SM
fermions via kinetic mixing.
For the scheme (1) the annihilation cross section for XX(NN) → gg at the current
Universe are estimated using micrOMEGAs 4.1.5 where parameter sets providing observed
relic density are applied as inputs. In the case of scalar DM, we obtain the thermally
averaged cross section 〈σv〉XX→gg shown in Fig. 6 where the colored region correspond to
the parameter space in the left plot of Fig. 1. Here we compared the cross section with
current limit of the cross section for DMDM → bb¯ from Fermi-LAT [63] where limit for
gg mode is indicated to be slightly weaker than bb¯ mode [27]. Thus the parameter region
mX ≃ mφ/2 is excluded due to resonant enhancement while other regions are allowed. In the
case of fermion DM, we find that the current thermally averaged annihilation cross section is
much smaller than the constraint by Fermi-LAT since NN¯ → φ→ gg process is t−channel
one. Therefore here we omit the plot for the cross section for fermion DM.
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FIG. 5: The DM-nucleon scattering cross section as a function of DM mass for the scheme (2)
where the parameters satisfying observed relic density in Fig. 2 and 3 are applied.
For the scheme (2) we calculate the thermally averaged DM annihilation cross section
〈σv〉 at the current Universe using the micrOMEGAs 4.1.5 where we apply the parameters
which is consistent with relic density of DM. In this scheme the DM pair annihilate into Z ′
pair dominantly, which provides 4 SM fermions in final states. To discuss constraints from
indirect detection experiments, we consider following effective cross section
〈σv〉eff = 〈σv〉DMDM→Z′Z′
[
2BR(Z ′Z ′ → 4fCSM) +BR(Z ′Z ′ → 2fCSM2fNSM)
]
(28)
where BR(Z ′Z ′ → 4fCSM) and BR(Z ′Z ′ → 2fCSM2fNSM) are branching fractions for both Z ′
decaying into charged SM particles and that of one Z ′ decaying into charged SM particles
while one Z ′ decaying into neutrinos, respectively, and the factor of 2 corresponds to dou-
bled charged flux from Z ′ decay. The Fig. 7 shows the 〈σv〉eff for the parameter region in
Fig. 2 which are compared with the constraints from Fermi-LAT for DMDM → bb¯(τ τ¯)
annihilation mode [63]; the constraints from light quark modes are similar to bb¯ mode while
that from electron and muon pair modes are weaker than the tau pair mode. We note that
our cross section can not be directly compared with the constraints from single annihilation
mode since our Z ′ decays all SM fermions. Notice also that we compare the effective cross
section at mX with experimental limits at mX/2 since our final states have 4 particles and
one particle carry energy of mX/2. Conservatively, we can say that the regions mX . 200
GeV are disfavored. As in the scheme (1), the current thermally averaged annihilation cross
section for fermion DM is much smaller than the constraint by Fermi-LAT, and we omit the
plots for the case.
IV. THE CONSTRAINTS FROM DIPHOTON RESONANCE SEARCH AND IM-
PLICATION TO COLLIDER PHYSICS
In this section we discuss the constraint from current data of diphoton resonance search
and search for the parameter region which is consistent with both the diphoton data and
11
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FIG. 6: The thermally averaged cross section for XX → gg in current Universe where the
parameter region in Fig. 1 is applied. The black solid line indicate the current limit of the cross
section for DMDM → bb¯ annihilation mode from Fermi-LAT
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FIG. 7: The effective thermally averaged cross section for 〈σv〉eff of Eq. (28) in current Universe
where the parameter region in Fig. 2 is applied. The black solid(dashed) line indicate the current
limit of the cross section for DMDM → bb¯(τ τ¯) annihilation mode from Fermi-LAT
DM physics. Then we shall consider the collider signatures in terms of φ production cross
section in that parameter region.
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FIG. 8: The parameter region which can accommodate relic density of DM and constraints from
collider experiment for scalar and fermion DM in scheme (1).
200 250 300 350 400 450 500
0.15
0.20
0.25
0.30
0.35
0.40
0.45
mX@GeVD
g X
SchemeH2L:Scalar DM HΛXF=0L
200 250 300 350 400 450 500
0.02
0.05
0.10
0.20
0.50
mX@GeVD
Λ
X
F
SchemeH2L:Scalar DM HΛXF¹0L
FIG. 9: The parameter region which can accommodate thermal relic density of DM and constraints
from collider experiment for scalar DM in scheme (2).
A. The constraint from diphoton resonance search
Here we discuss the constraints from diphoton resonance search in the model and search
for the parameter region which is consistent with constraints from DM physics. In our
scenario, the scalar boson φ provides diphoton resonance where mass of φ is set to 750 GeV as
we mentioned above. φ can be produced by gluon fusion process through effective interaction
Eq. (17) at the LHC. The decay mode of φ→ γγ is induced by the new fermion loop same
as the φ→ gg. Then we obtain the decay width of the diphoton mode as Eq. (A.2 ). In the
narrow width approximation, the cross section for the process pp→ φ→ γγ through gluon
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FIG. 10: The parameter region which can accommodate relic density of DM and constraints from
collider experiment for fermion DM in scheme (2).
fusion can be expressed as [6]
σ(pp→ φ→ γγ) ≃ Cgg
s
Γφ→gg
mφ
BR(φ→ γγ) (29)
where Cgg is related to the gluon luminosity function, s is the center of energy and
BR(φ → γγ) is the branching fraction of φ → γγ decay. For √s = 13(8) TeV, we adopt
Cgg ≃ 2137(174). In addition, we apply the K-factor for gluon fusion process asKgg ≃ 1.5 [6].
Here we search for the parameter region which is allowed by the current data of the dipho-
ton resonance search and consistent with constraints from DM physics. We then estimate
σ(gg → φ → γγ) applying parameter space which is consistent with constraints from DM
physics for both schemes (1) and (2) in order to search for the region which is allowed by
the current constraint from diphoton resonance search. To satisfy the constraint, we require
the cross section to be
σ(gg → φ→ γγ) ≤ 1.21 fb, (30)
where we take into account 1σ error of ATLAS result in Ref. [33]. We also applied constraints
on the cross section for pp → φ → invisible from the mono-jet search data at the LHC 8
TeV [64]:
σ(pp→ φ→ invisible) < 0.8 pb. (31)
We note that the process pp → φ → gg provides dijet final state but the cross section in
our model are smaller than constraint from current dijet search at the center-of-energy of√
s = 8 and 13 TeV [65–67]. Here we comment on the case where φ is rather heavy, e.g.,
mφ = 1.0 and 1.5 TeV. In these cases, φ production cross section becomes σmφ=1.0(1.5) TeV ≃
0.42(0.19)× σmφ=750GeV when other parameters are taken to be the same values as before.
On the other hand, current upper limit for σ(gg → φ → γγ) by ATLAS is 0.78(0.48) fb
for mφ = 1.0(1.5) TeV. Therefore the constrains from diphoton mode is weaker for heavier
mφ since production cross section rapidly decreases compared with the change of the upper
limit.
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FIG. 11: The φ production cross section for the parameter region in Fig. 8. The dotted lines
indicate the upper limits on the cross section from pp → φ → XX channel with mono-jet search
data at the LHC [64].
In the scheme (1), we obtain the allowed region shown in Figs. 8 for scalar and fermionic
DM cases, which is consistent with the diphoton constraint and DM physics. We find that
the region mX . 300 GeV is excluded by Eq. (31) for scalar DM case. Moreover most of the
parameter region is excluded by the diphoton constraint except for the region of 330 GeV
. mN . 380 GeV for the fermionic DM case. We note that in this scheme the width of φ
is narrower than 1 GeV since φ decays via loop effects.
In the scheme (2), we obtain the allowed region in Fig. 9 and 10 for scalar and fermion
DM cases respectively. For scalar DM case with λXΦ = 0, the region of mX & 420 GeV is
excluded by the diphoton constraint. For scalar DM case with λXΦ 6= 0, we find that the
DM mass region 200 GeV ≥ mX ≥ 500 GeV can be accommodated with the constraints
Eqs (30) and (31). For the fermion DM case, we find that the region mX . 340 GeV is
excluded by Eq. (31). We note that in this scheme the width of φ is O(10) to O(50) GeV
for mφ > 2mZ′ and less than 1 GeV for mφ < 2mZ′.
B. The φ production cross section
Here we explore the φ production cross section for the parameter region which is con-
sistent with the constraints from collider experiment and DM physics. The φ production
cross section is derived from Eq. (29). For the scheme (1), we show the cross sections in
Fig. 11 which is obtained by applying the parameter space shown in Fig. 8. We then have
O(100)(O(10)) fb to O(1000) fb cross section for scalar (fermion) DM cases for the allowed
region. Since φ mainly decays into two gluons in the scheme (1), the dijet event is the
another signature of φ as pp→ φ→ jj which can be tested at the LHC.
For the scheme (2), we obtain the cross sections shown in Figs. 12 and 13 which are
obtained by applying the parameter spaces in Figs. 9 and 10, respectively. We then find
that ∼ 4 pb to ∼ 9 pb cross section is obtained for the allowed region for λXΦ = 0, while
∼ 0.2 pb to ∼ 10 pb cross section is obtained for λXΦ 6= 0. These cross sections would
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FIG. 12: The φ production cross section for the parameter region in Fig. 9. The dashed line
indicates the upper limit on the cross section from dijet search at the LHC [65] for BR(φ→ jj) =
1.0. The dotted lines for right figure are the mono-jet constraint as in Fig. 11.
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FIG. 13: The φ production cross section for the parameter region in Fig. 10. The dotted line
indicates the mono-jet constraints as in Fig. 11 and in 12.
be constrained when φ → Z ′Z ′ mode is kinematically allowed, since Z ′ can decay into SM
leptons with BR(φ→ ℓ+ℓ−) ∼ O(20)% via kinetic mixing [5] inducing signal events such as
2j + ll, 4l, 2l + 6ET . We also have signal events 4j, 2j + 6ET but it will be less significant
due to large SM backgrounds. The detailed analysis of current experimental constraints for
pp → φ → Z ′Z ′ process is beyond the scope of this paper and we left it as future work.
We also would like to comment that the branching fraction of Z ′ would be modified with
non-zero Yukawa coupling FfSMX at loop level since the kinetic mixing is very small.
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V. SUMMARY AND DISCUSSION
In this paper, we have investigated dark matter physics for the chiral dark sector model
where dark fermions are vectorlike under SU(3)×U(1)Y but chiral under dark U(1)X gauge
symmetry. In our model, the extra scalar bosons with non-zero U(1)X (Φ and X in Table I)
are also introduced in order to break the U(1) symmetry spontaneously and to make dark
fermions decay respectively. As a result of our set up, we have accidental Z2 symmetry
which guarantees the stability of our DM candidate: scalar boson X and neutral dark
fermion N . We also have massive new gauge boson Z ′ after spontaneous breaking of U(1)X
gauge symmetry.
In our analysis of DM physics, two different schemes are considered: (1) mDM < mZ′
and (2) mDM > mZ′, where mDM and mZ′ are DM mass and mass of Z
′ boson respectively.
For the scheme (1), the dominant DM annihilation process is DMDM → gg exchanging
scalar boson φ associated with U(1)X breaking, while the dominant annihilation process for
the scheme (2) is DMDM → Z ′Z ′. Then we have investigated the relic density of DM,
DM-nucleon scattering cross section for direct detection and DM annihilation cross section
for indirect detection searching for the parameter region which is allowed by constraints from
current observations. In our analysis we fixed dark fermion masses to reduce the number of
free parameters, and explored the parameter space of DM masses, Z ′ mass, gX and coupling
constant λXΦ for ΦΦXX interaction in both schemes.
For the scheme (1), the relic density of DM is determined by the annihilation cross section
for XX(NN) → gg processes. Then we have shown allowed parameter space providing
observed relic density in the mX -λXΦ and mN -gX planes for scalar and fermion DM cases
respectively. We find that mX & 140 GeV region can provide the observed relic density with
λXΦ <
√
4π for scalar DM, while fermion DM can have the right relic density in all DM mass
region of our consideration. These parameter region are further constrained by direct and
indirect detection experiment. The parameter region with mX . 200 GeV is excluded for
scalar DM, whereas mN . 300 GeV region is excluded for fermion DM when mZ′ = 1.1mN .
On the other hand, constraints from indirect detection exclude region with mX ≃ mφ/2 for
scalar DM, whereas no further constraint is imposed for fermion DM.
For the scheme (2), thermal relic density is determined by the annihilation cross section for
XX(NN)→ Z ′Z ′ processes. Then the allowed parameter regions giving right relic density
for scalar DM are shown in the mX-gX plane (with λXΦ = 0) and mX -λXΦ (with several
values of gX) while the allowed parameter region for fermion DM is shown in the mN -gX
plane. Then we have shown that the current constraints from direct detection exclude some
region with mX . 150 GeV and gX = 0.1 for scalar DM, and the DM-nucleon scattering
cross section is below current limit for fermion DM. We also find that the parameter region
with mX . 200 GeV is constrained by the Fermi-LAT data for scalar DM while fermion
DM is free from indirect detection constraints due to absence of a s-channel annihilation
mode. The parameter spaces can be further tested in future direct and indirect detection
experiments for both schemes.
Finally we have also investigated constraints from the collider experiment including diph-
ton resonance search by ATLAS and CMS at the LHC 13 TeV and searched for the parameter
region which can accommodate both DM and collider constraints. In our model a source of
diphoton resonance is scalar boson φ, which is nothing but a remnant of U(1)X breaking by
dark Higgs mechanism. The cross section for pp→ φ→ γγ is estimated applying parameter
sets that can provide the correct thermal relic density of DM. Then we have shown the pa-
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rameter regions which can accommodate with the constraint from diphoton resonance search
for both schemes with scalar and fermion DM. In addition, we have discussed φ production
cross section applying the parameter regions. We find that the cross section in the scheme
(2) tends to be larger than that in the scheme (1). The signatures of φ other than diphoton
event are dijet and Z ′Z ′ events for the scheme (1) and the scheme (2) respectively, where Z ′
decays into SM fermion pair thereby providing 4 SM fermion final states. Detailed analysis
of signals and backgrounds is beyond the scope of this paper and we left it as future works.
Before closing, we comment on the stability of the potential in our model. In the previous
study [5], we discussed the stability of the scalar potential within the renormalization group
running and found our model could be valid up to ∼ O(10) TeV with O(1) Yukawa couplings
and other couplings in the scalar potential. In the present analysis, we can take smaller
couplings since the cross section for pp → φ → γγ should be smaller than our previous
analysis, and so the stability could be achieved upto higher scale.
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Appendix: The decay widths of φ
Here we summarize the decay widths of φ which are given in [5]. The width for φ→ gg
mode is given by
Γφ→gg =
α2sm
3
φ
32π3
∣∣∣∣∣
∑
F=U,D
(a + b)gX
2mZ′
A1/2(τF )
∣∣∣∣∣
2
. (A.1)
Similarly the partial decay width for φ→ γγ is given by
Γφ→γγ =
α2m3φ
256π3
∣∣∣∣∣
∑
F
NFc
(a+ b)gXQ
2
F
mZ′
A1/2(τF )
∣∣∣∣∣
2
, (A.2)
where QF and N
F
c are electric charge and number of color of an exotic fermions F . The
formula for the partial decay width of φ→ Zγ is
Γφ→Zγ =
m3φ
32π
|AZγ|2
(
1− m
2
Z
m2φ
)3
, (A.3)
AZγ =
2
√
2αsWgX
πcW
∑
F
NFc (a+ b)Q
2
F
mZ′
[I1(τF , λF )− I2(τF , λF )] ,
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where λF = 4m
2
F/m
2
Z and the corresponding loop integrals are given by [53]:
I1(x, y) =
xy
2(x− y) +
x2y2
2(x− y)2 [f(x)
2 − f(y)2] + x
2b
(x− y)2 [g(x)− g(y)] ,
I2(x, y) =− xy
2(x− y)[f(x)
2 − f(y)2] ,
g(t) =
√
t− 1 sin−1(1/√t) . (A.4)
The decay widths of φ into Z ′Z ′, X∗X and F¯F modes are obtained at tree level such that
Γφ→Z′Z′ =
(a+ b)2g2Xm
2
Z′
32πmφ
m4φ − 4m2φm2Z′ + 12m4Z′
m4Z′
√
1− 4m
2
Z′
m2φ
, (A.5)
Γφ→X∗X =
λ2XΦm
2
Z′
16π(a+ b)2g2Xmφ
√
1− 4m
2
X
m2φ
, (A.6)
Γφ→F¯F =
g2XM
2
F
4πm2Z′
mφ
√
1− 4M
2
F
m2Z′
. (A.7)
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